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Individual cell fate decisions can vary according to changes in gene expression in response to environmental,
developmental, or metabolic cues. This plasticity is tightly regulated during embryonic development and
mediated by the exquisitely coordinated activation and repression of groups of genes. Genes that become
repressed are immersed in a condensed chromatin environment that renders them refractory to stimulation.
This mechanism is responsible for both the loss of cell plasticity during differentiation and the preservation of
cell identity. Understanding the molecular events involved in the establishment and maintenance of these
restrictive domainswill benefit the design of strategies for cellular reprogramming, differentiation, and cancer
treatment.Despite sharing the same genome, different cell types from
a given organism respond differently to environmental, develop-
mental, or metabolic cues. This variable property, or plasticity of
responsiveness, is a defining aspect of a cell’s identity and is
mainly interpreted at the level of gene expression. Stem and
progenitor cells are a special case, given that their potential for
plasticity is, by definition, more pronounced than for other
tissue-specific cells. During differentiation, stem cells lose their
plasticity and narrow down their identity into a particular differen-
tiated cell type. For many years this differentiated state was
thought to be irreversible but recent findings indicate that it is
possible to manipulate cells in order to change cell identity or
to regain plasticity. Understanding how fate decisions are regu-
lated and maintained by different cell types, both during devel-
opment and under pathological or experimental conditions,
represents an important step toward the successful manipula-
tion of cell plasticity in clinical settings.
We have known for a long time that genetic material associ-
ates with structural proteins to constitute chromatin, which plays
important roles structurally and functionally. Hence, genes
immersed in highly packed areas of chromatin remain largely
inaccessible, fail to recruit the RNA polymerase to their pro-
moters, and thus remain silent and refractory to stimulation.
However, genes having a more open and accessible chromatin
structure are more likely to recruit and engage the RNA poly-
merase into productive rounds of transcription and their expres-
sion is more prone to be modulated by signaling events. Impor-
tantly, the chromatin environment in which a particular gene is
embedded can differ from one cell type to another, contributing
to cell diversity and identity.
The fundamental unit of chromatin is the nucleosome, which is
composed of two copies each of four core histones, H2A, H2B,
H3, and H4, and wrapped by 146 bp of DNA. The N-terminal tails
of histones are relatively accessible to enzymatic modifications
such as acetylation, methylation, phosphorylation, ubiquitina-
tion, and sumoylation. Of all the known histone modifications,
acetylation is the only modification that directly causes a struc-
tural relaxation of chromatin by introducing a negative charge.
Other modifications seem to act as docking sites that promote
the recruitment and stabilization of effector protein complexesrather than altering the chromatin structure per se. In a similar
fashion, DNA methylation, which takes place at cytosine resi-
dues within CpG dinuclotides at gene promoters, is usually
correlated with transcriptional repression and mediates its
effect by blocking the binding of transcription factors and/or
facilitating the assembly of repressor complexes at the methyl-
ated regions. In general, the presence of histone modifications
involved in gene activation, such as trimethylation of histone
H3 at lysine 4 (H3K4me3), promotes the recruitment and
stabilization of effector complexes with histone acetyltransfer-
ase (HAT) and ATP-dependent remodeling activities. These
complexes mediate the acetylation of histones and stimulate
the mobility of the nucleosomes, or even their eviction, to facili-
tate the relaxation of chromatin. Ultimately, this change renders
DNA more accessible and facilitates the recruitment of DNA-
binding transcription factors to target genes, which in turn
contribute to the recruitment of RNA polymerase and the stabi-
lization of the preinitiation complex (PIC). Modifications involved
in gene repression, such as DNA methylation and trimethylation
of histone H3 at lysine 9 (H3K9me3) and at lysine 27 (H3K27me3),
serve as docking sites for repressor complexes that contain
histone deacetylase (HDAC) and ATP-dependent remodeling
activities. The action of these complexes, together with the
recruitment of structural nonhistone proteins, leads to chromatin
compaction and reduced DNA accessibility.
Molecular Basis of Pluripotency in Embryonic
Stem Cells
The chromatin in pluripotent embryonic stem cells (ESCs) dis-
plays distinctive features when compared to differentiated cells.
In ESCs the chromatin structural proteins display hyperdynamic
interactions with chromatin (Meshorer et al., 2006) and the over-
all transcriptional activity is hyperactive compared to differenti-
ated cells (Efroni et al., 2008). ESCs also express high levels of
chromatin-remodeling factors involved in maintaining the open
chromatin status. Moreover, variations in the expression levels
of specific subunits of remodeling complexes, such as the BAF
complex, in ESCs relative to differentiated cells leads to the
formation of unique remodeling complexes that differ in subunit
composition and potentially in function (Ho et al., 2009). TheseCell Stem Cell 7, November 5, 2010 ª2010 Elsevier Inc. 565
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transcriptional activity in pluripotent cells. This idea is further
supported by the reported loss of self-renewal caused by the
depletion of the remodeling factors Chd1 or Brg1 in ESCs (Efroni
et al., 2008; Gaspar-Maia et al., 2009).
ESCs feature a unique plasticity that allows them to differen-
tiate into virtually any cell type of the adult organism. This prop-
erty, called pluripotency, relies on the fact that critical genes
involved in differentiation, despite remaining silent, have a
permissive chromatin structure that makes them sensitive to
differentiation-inducing signals. This permissive chromatin envi-
ronment is characterized by the presence of large H3K27me3
domains harboring smaller regions of H3K4me3 around the tran-
scriptional start site of critical developmental genes. The coexis-
tence of these two antagonistic marks is the defining feature of
so-called bivalent genes and has been suggested to play
a role in silencing differentiation genes in ESCs while keeping
them poised for activation upon initiation of specific develop-
mental pathways (Azuara et al., 2006; Bernstein et al., 2006).
Moreover, the poised nature of these bivalent domains is further
reinforced by the absence of DNAmethylation, despite the pres-
ence of numerous CpG islands (Fouse et al., 2008; Meissner
et al., 2008) and the presence of poised RNA polymerase II at
the transcription initiation site of the marked genes (Guenther
et al., 2007). Ultimately, the physiological function of bivalent
domains might be to maintain important regulatory sequences
accessible and responsive at very early stages of differentiation
(Gargiulo et al., 2009). Importantly, genes marked with bivalent
domains often encode master transcription factors that are
induced very early during differentiation, usually in a lineage-
restricted manner, and that are able to orchestrate whole
programs of gene expression in differentiated cells.
Although the bivalent marks are faithfully transmitted through
cell division in self-renewing cells, they should not be regarded
as static but as the result of a highly dynamic equilibrium that
is controlled by the balance of histone-modifying enzymes
recruited to these areas. The polycomb group of proteins (PcGs)
has been described to play an essential role in maintaining the
pluripotent state of ESCs by mediating H3K27 methylation at
the bivalent domains (Surface et al., 2010). PcG proteins localize
at genes encoding developmental regulators and correlate with
the presence of H3K27 trimethylation both in mouse and human
ESCs. Moreover, mouse ESCs null for specific PcG proteins
exhibit decreased H3K27 methylation and aberrant expression
of key developmental genes (Boyer et al., 2006; Lee et al.,
2006). On the other hand, the H3K4me3 marks present at the
bivalent domains of silent developmental genes could be cata-
lyzed by trithorax (trxG) homologs that belong to the MLL family,
although their putative contribution to the establishment of these
domains remains unknown. As part of a highly dynamic and
responsive equilibrium, it is likely that histone lysine demethy-
lases also contribute to keep the appropriate balance of marks
at these domains. Confirming this idea, is the observation that
the PcGs recruit the H3K4 demethylase RBP2 to its target genes
to maintain the proper balance of H3K4 and H3K27 methylation
at the bivalent domains in mouse ESCs (Pasini et al., 2008).
To fully understand the role of bivalent domains in ESCs, it
is important to know how these domains are first established.
Bivalent marks have been reported to exist in pluripotent cells566 Cell Stem Cell 7, November 5, 2010 ª2010 Elsevier Inc.in the embryo and to appear after fertilization during genomic
activation at the maternal-zygotic transition (Vastenhouw et al.,
2010). In addition, recent reports describe the presence of
microregions of H3K27me3 at the transcriptional start sites of
developmental regulators in sperm. The persistence of these
discrete regions after fertilization and the presence of CpG
islands at the promoters of the marked developmental genes
might serve as primers for the establishment of broad
H3K27me3 domains during genome activation in embryos
(Brykczynska et al., 2010). However, it is likely that specific tran-
scription factors also contribute to establish and/or maintain
these domains. Indeed, genome-wide correlation studies have
revealed that the self-renewal transcription factors Oct4, Sox2,
and Nanog occupy not only promoters of genes involved in
self-renewal but also of a high number of genes that contain
bivalent domains (Boyer et al., 2005), suggesting that they play
a role in keeping this genes silenced. In agreement with this
model, it has been reported that Nanog and Oct4 interact with
complexes involved in transcriptional repression, including
PcG subunits (Pardo et al., 2010; Wang et al., 2006). Another
potential transcription factor that could be involved in the molec-
ular arrangement of these domains is JARID2, which has been
recently suggested to participate in the recruitment of PcG to
the regulatory regions of target genes in mouse ESCs (Landeira
et al., 2010; Li et al., 2010; Pasini et al., 2010; Peng et al., 2009).
Chromatin Dynamics during Differentiation
The permissive chromatin structure present in multipotent cells
is progressively and selectively closed during differentiation.
Accessible regulatory areas, such as bivalent domains, close
up and are no longer accessible to transcription factors, leading
to a loss of regulatory potential (Gargiulo et al., 2009).
The analysis of the genome-wide distribution of histone and
DNA methylation marks and their correlation with gene expres-
sion in ESCs, in vitro differentiated ESCs, and adult cells has
provided a better understanding of gene plasticity in pluripotent
and differentiated tissues (Fouse et al., 2008; Hawkins et al.,
2010; Meissner et al., 2008; Mikkelsen et al., 2007). These
studies have led researchers to focus on two types of genes:
ones with promoters enriched in CpG islands (HCP) and those
showing poor representation of CpGs (LCP) (Figure 1). HCP
genes are usually devoid of DNA methylation in ESCs and
include self-renewal and housekeeping genes usually marked
with H3K4me3 and developmental regulators containing bivalent
domains. This pattern suggests that the targets of trxG are pro-
tected against DNA methylation and are transcriptionally active
unless actively repressed by PcG proteins (Mikkelsen et al.,
2007). LCP genes are not expressed, show DNA methylation,
and are mostly devoid of H3K4 or H3K27 methylation in ESCs
(Meissner et al., 2008). These genes are likely to be targets of
early master transcription factors and thus they become induced
late during differentiation in a tissue-specific manner to carry out
specialized functions in particular tissues.
Differentiation to one particular lineage implies the permanent
and irreversible silencing of genes involved in alternative line-
ages as well as those necessary for pluripotent cells. For exam-
ple, pluripotency genes lose H3K4me3 and gain distinct combi-
nations of repressive marks (H3K27me3, H3K9me3, and DNA
methylation). Bivalent genes that become irreversibly silenced
Figure 1. Epigenetic Map of Fate
Genome-wide and correlation studies (Boyer et al., 2005; Doi et al., 2009; Fouse et al., 2008; Hawkins et al., 2010; Meissner et al., 2008; Mikkelsen et al., 2007)
have allowed the classification of genes according to their genetic, epigenetic, and transcriptional status in different cell types and physiological situations. This
classification scheme derives from statistical correlations of broad data sets, and thus not all genes will follow the flowchart precisely. Blue arrows denote tran-
sitions from self-renewal to differentiation, red arrows denote transitions to cancer, and gray arrows indicate critical changes to regain pluripotency during
reprogramming. ON and OFF refer to transcriptional status; DNAme refers to DNAmethylation; OSN targets refers to genes occupied by Oct4, Sox2, and Nanog;
and trimethylation at lysine 4, 9, or 27 of histone H3 is referred to as H3K4me3, H3K27me3, and H3K9me3, respectively. Marks separated by a slash indicate
co-occurrence of marks.
Cell Stem Cell
Perspectivelose H3K4me3 and preserve H3K27me3 (Cui et al., 2009;Mikkel-
sen et al., 2007). Usually, repression is further reinforced by the
expansion of the H3K27 methylated areas or the accumulation
of a second repressive mark, such as H3K9me3 or DNA methyl-
ation (Hawkins et al., 2010). This ‘‘double lock’’ mechanism
ensures permanent repression of developmental and pluripo-
tency genes and thus preserves cell identity.
How chromatin modifying and remodeling activities partici-
pate in the process of differentiation is not yet fully understood.
The switch of signaling events that characterizes the transition
from self-renewal to differentiation induces dramatic changes
in gene expression, including the downregulation of genes
involved in self-renewal and changes in the expression of critical
chromatin regulators (Pardo et al., 2010; Wang et al., 2006). This
last event can lead to variations in the subunit composition of
effector complexes, allowing them to carry out specialized func-
tions during differentiation. Contrary to previous perceptions, in
which chromatin marks could be passively diluted, several
reports point out the importance of active and targeted removal
of marks. Such is the role of the H3K27 demethylases UTX and
Jmjd3 in the activation of Hox genes during development (Agger
et al., 2007) and in neuronal commitment (Burgold et al., 2008).
Both demethylases associate with MLL complexes, suggestingthat removal of the H3K27me3 mark and maintenance of the
H3K4me3 at bivalent genes that become activated during differ-
entiation are coordinated events. Less is known about the
molecular regulation and physiological relevance of a small
percentage of bivalent domains that remain unresolved upon
differentiation and that are thus bivalent in adult cells (Figure 1).
Perhaps more intriguing is the fact that a few new bivalent
regions are established during differentiation (Mikkelsen et al.,
2007). Regarding the activities that participate in repression
during differentiation, the methyltransferase G9a is needed for
the proper silencing of genes, among which are self-renewal
factors such as Oct4 (Feldman et al., 2006). G9a catalyzes the
methylation of H3K9 at the regulatory regions of these genes
during differentiation, which in turn facilitates the binding of
heterochromatin protein 1 (HP1) and de novo DNA methylation.
Reprogramming and Cell Plasticity
For many years the differentiated state was thought to be irre-
versible. However, several experimental strategies have been
developed to induce the reactivation of the embryonic program
in differentiated cells, a process known as nuclear reprogram-
ming. Historically, nuclear transfer experiments showed that
the genetic content of adult and embryonic cells is equivalentCell Stem Cell 7, November 5, 2010 ª2010 Elsevier Inc. 567
Figure 2. Critical Events during
Reprogramming and Differentiation
Transduction of somatic cells with the four factors
causes stress, apoptosis, and replicative senes-
cence. Cells able to overcome this initial barrier
are able to self-renew but still depend on the
expression of the ectopic factors. A critical second
step consists of overcoming the epigenetic barrier
that prevents the reactivation of the endogenous
pluripotency genes. However, after reactivation
of the pluripotency network, several cell divisions
might be needed to erase the adult cellular
memory, a process that is characterized by the re-
gaining of H3K4 and H3K27 trimethylation and
erasing of DNA methylation at bivalent domains.
Proper reestablishment of these domains ensures
the adequate induction of developmental genes
during differentiation and thus is a critical determi-
nant of the quality of the reprogrammed cells. Blue
and orange backgrounds indicate stages depen-
dent on transgene or endogenous pluripotency
factor expression, respectively.
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1997). Later, cell fusion experiments demonstrated that the
epigenetic activities present in the nucleus of ESCs are able to
induce the reactivation of the embryonic program in differenti-
ated cells (Do and Scholer, 2004). More recently, it has been
described that it is possible to generate induced pluripotent
stem cells (iPSCs) from somatic cells by overexpressing specific
transcription factors, most commonly Oct4, Sox2, Klf4, and
c-Myc (Takahashi and Yamanaka, 2006). This methodology
enables the generation of patient-specific pluripotent cells that
could overcome the risk of rejection in future cell-based thera-
pies and provide a valuable model for mechanistic studies. In a
similar approach, transdifferentiation of one adult cell type to
another can also be achieved by overexpression of appropriate
combinations of transcription factors (Davis et al., 1987).
Both nuclear transfer and transcription factor-induced reprog-
ramming are very inefficient processes, and the few animals that
are successfully generated by nuclear transfer often suffer from
numerous abnormalities. Importantly, the efficiency of reprog-
ramming differs depending on the somatic cell type and seems
to be inversely correlated with its degree of differentiation
(Maherali and Hochedlinger, 2008). Overall, these findings sug-
gest the existence of important epigenetic barriers that are
imposed during differentiation, probably to preserve cell identity,
and that need to be overcome to successfully reprogram a cell
back to the pluripotent state. Certainly, the process of reprog-
ramming entails dramatic changes in gene expression including
the transcriptional activation of endogenous self-renewal factors
and the silencing of differentiation genes. Both events involve
profound changes in the chromatin environment at the regula-
tory regions of these genes. Critical differentiation genes must
reacquire their poised status, as suggested by the reestablish-
ment of bivalent domains at their proximal promoters (Hawkins
et al., 2010), and self-renewal genes must lose the repressive
chromatin marks that kept them silent in somatic cells (Takaha-
shi and Yamanaka, 2006).
Factor-induced reprogramming of fibroblasts is a gradual
process that includes several critical stages (Figure 2). An early
stage is characterized by the appearance of alkaline phospha-
tase activity and the stem cell marker SSEA-1. At this stage cells568 Cell Stem Cell 7, November 5, 2010 ª2010 Elsevier Inc.can be trapped in a partially reprogrammed state in which they
self-renew but are dependent on the expression of the trans-
genes. A second stage of reprogramming is characterized by
the activation of the endogenous pluripotency factors Oct4,
Sox2, and Nanog. This event allows the maintenance of pluripo-
tency in an autonomous way, independent of the expressed
transgenes. Recent findings suggest that the rare occurrence
of late events during reprogramming is due to the inability of
the transfactors to bind and activate the regulatory regions of
the endogenous pluripotency genes, resulting from the presence
of an inaccessible repressive chromatin environment (Sridharan
et al., 2009). Several lines of evidence further support this idea.
First, it has been recently demonstrated that the overexpression
of members of the chromatin remodeling complex BAF enhance
reprogramming by facilitating the binding of Oct4 to target pro-
moters (Singhal et al., 2010). Second, treatment with DNA
methylation inhibitors, which render chromatin more accessible,
facilitates the completion of reprogramming in partially reprog-
rammed cells (Mikkelsen et al., 2008). Increased reprogramming
efficiency has also been reported in the presence of HDACs,
DNA methyltransferases, and G9a inhibitors (Huangfu et al.,
2008; Mikkelsen et al., 2008). Finally, it has been suggested
that the increased efficiency of reprogramming observed in
cord blood cells compared to adult fibroblasts may be due to
the presence of a more permissive chromatin organization at
the promoters of self-renewal genes in this population (Giorgetti
et al., 2009). Thus, a more complete understanding of the activ-
ities and mechanisms that keep pluripotency genes silenced in
differentiated cells appears critical to develop strategies to
improve the efficiency of reprogramming.
Analysis of genome-wide data shows that important changes
at the level of DNA methylation occur during reprogramming in
bivalent developmental regulators and more generally in genes
occupied by Oct4, Sox2, and Nanog in ESCs. These genes
become hypomethylated in iPSCs compared to the fibroblast
starting population. Indeed, comparison of the methylomes of
ESCs and iPSCs revealed that they are very similar, although
some differentially methylated regions can be found, mainly in
genes involved in developmental processes. In these differen-
tially methylated regions, the methylation of iPSCs was found
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gesting incomplete reprogramming, but also different from
both ESCs and fibroblasts, which might imply aberrant estab-
lishment of marks during reprogramming (Doi et al., 2009).
Regarding histone modifications, it appears that H3K9me3 con-
tributes more than H3K27me3 to the differences between iPSCs
and ESCs. Both failure to erase K9me3 methylation marks at
particular regions and the establishment of aberrant H3K9
methylated areas during reprogramming have been reported
(Hawkins et al., 2010). The impact of aberrant epigenetic reprog-
ramming is clearly illustrated by a recent report describing that
the persistent aberrant silencing of a particular imprinted region
after reprogramming renders mouse iPSCs developmentally
challenged (Stadtfeld et al., 2010). Consistently, aberrant
imprinted loci have been also reported in cloned embryos (Liu
et al., 2008).
In essence, the compact chromatin structure present at self-
renewal genes in differentiated cells seems at least partly
responsible for the low efficiency of the reprogramming process.
However, a larger negative impact may stem from the potential
establishment of aberrant chromatin marks at developmental
genes during reprogramming, because these mistakes might
affect the quality of the reprogrammed cells. Importantly, a
recent study suggests that the aberrant expression of bivalent
genes in iPSCs can be inversely correlated with the degree of
pluripotency that these cells display (Boue et al., 2010). Thus,
improper establishment of chromatin structure at these develop-
mental genes might lead to defective differentiation, including
the inability to generate a particular differentiated cell type or,
more importantly, the production of immature cell types in which
cell identity is not fully established and perhaps prone to rever-
sion. In line with this hypothesis, a recent study found that iPSCs
derived from nonhematopoietic cells display reduced blood-
forming potential resulting from residual DNA methylation at
loci required for hematopoietic lineage specification (Kim et al.,
2010). Interestingly, partial reprogramming of bivalent domains
could bestow iPSCs with an epigenetic memory, which might
make them more prone to differentiate back into cells of their
tissue of origin. Indeed, early passage iPSCs have been proven
to retain degree of expression of cell-of-origin-specific genes,
which facilitates their differentiation into their original lineage
(Polo et al., 2010). However, cell-of-origin differences tend to
disappear after successive passages in culture, suggesting
that complete epigenetic reprogramming to pluripotency is a
slow and gradual process. Thus, after the reactivation of the
endogenous pluripotency genes, a third critical step, the full
reestablishment of bivalent domains, involving both histone
marks and DNA demethylation, is essential to achieve pluripo-
tent status (Figure 2). Although the efficiency of reprogramming
is often reported based on the detection of alkaline phosphatase
activity or the reactivation of pluripotency genes, quality will defi-
nitely need to be judged based on the complete epigenetic
reprogramming of critical differentiation genes (Maherali and
Hochedlinger, 2008).
Differentiation, Dedifferentiation, and Cancer: A Stem
Cell Link to Cancer?
Although malignant transformation is usually associated with
mutations and translocations, aberrant DNA methylation is alsoa hallmark of cancer. De novo DNA methylation of CpG islands
in tumor cells is associated with the transcriptional silencing of
many cancer-related genes, among them tumor suppressors.
It is not clear how this aberrant DNA methylation takes place at
the molecular level, but the fact that some cancers present
abnormal expression of chromatin modifiers and that DNAmeth-
yltransferase and histone deacetylase (HDAC) inhibitors have
been successfully used to treat cancer brings to light the rele-
vance of the epigenetic machinery in this process (Esteller,
2008).
Promoters marked with bivalent domains in ESCs frequently
undergo DNA methylation in a tissue-specific manner during
differentiation (Meissner et al., 2008; Mohn et al., 2008), become
hypomethylated during reprogramming, and have a tendency to
become hypermethylated in cancer (Doi et al., 2009; Widsch-
wendter et al., 2007). More striking is the finding that these
hypermethylated domains display bivalent marks in certain
cancers (Rodriguez et al., 2008). Cancer-dependent DNA hyper-
methylation of these regions can be reverted during reprogram-
ming, highlighting the importance of the epigenetic context in the
control of these domains (Li et al., 2003; Ron-Bigger et al., 2010).
Despite the heterogeneity that cancer cells display, overall these
data suggest that bivalent regions are critical epigenetic targets
for defining cell fate and that deregulation of their epigenetic
state can lead to important disorders such as cancer.
Although cancer cells might resemble ESCs regarding the
silencing of tissue-specific genes and the subsequent adoption
of a more undifferentiated phenotype, evidence suggests that
these parallel outcomes are mediated by distinct mechanisms.
Although in ESCs developmental genes are repressed through
bivalent domains and probably the action of Oct4, Sox2,
and Nanog, in cancer cells these genes become permanently
silenced by DNA methylation. However, the bivalent domain
and cancer DNA hypermethylation connectionmakes it tempting
to speculate about the potential stem cell origin of cancer. Thus,
in adult stem cells, bivalent domain-containing genes could be
prone to acquire DNA methylation and as a result, generate
cancer-like cells able to self-renew, but with impaired differenti-
ation potential (Widschwendter et al., 2007).
In summary, gene silencing plays critical roles during develop-
ment, differentiation, reprogramming, and cancer. Thus, a better
understanding of the activities, mechanisms, and signals that
control the silencing of critical genes will help to design strate-
gies to improve the efficiency of reprogramming and to treat
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